The present study focuses on investigating the effects of biological compartment conditions on the transport of nitrate and perchlorate in an Ion Exchange Membrane Bioreactor (IEMB). In this hybrid process, the transport depends not only on the membrane properties but also on the biological compartment conditions. The experiments were planned according to the Plackett-Burman statistical design in order to cover a broader range of experimental conditions, under which a previously developed mechanistic transport model was not able to predict correctly the transport fluxes of the target pollutants. Using Principal Component Analysis, it was possible to identify not only the concentrations of target (nitrate and perchlorate) and of major driving counter-ion (chloride) but also those of some biomedium components (e.g. ammonia, ethanol and sulphate) as variables that affect the transport rate of micropollutants across the membrane. These conclusions are based on the loadings of the two first principal components that describe 84% of the data variance. The present study also revealed that the hydraulic retention time and the hydrodynamic conditions in the biocompartment have a minor contribution to the micropollutants transport. The results obtained are important for process optimization purposes.
INTRODUCTION
The Ion Exchange Membrane Bioreactor (IEMB) is a patented process (Crespo & Reis ) , in which the transport of charged pollutants through a dense ion exchange membrane is coupled with their simultaneous biodegradation by a suitable microbial culture in a separated compartment (biological compartment). Using this technology, no toxic brine is produced and, due to the physical separation of the water and biological compartments, no secondary contamination of the treated water occurs. The ionic transport across an anion exchange membrane is governed by Donnan dialysis principles, as illustrated in Figure 1 using chloride as the driving counter-ion. Due to the high concentration of chloride in the biocompartment, the target anions diffuse from the water compartment in the opposite direction to the chloride transport in order to maintain the electroneutrality in the system. Once in the biological compartment, anionic micropollutants are reduced to innocuous species by a suitable mixed microbial culture. Nitrate is biologically reduced to molecular nitrogen and perchlorate to chloride, respectively, since they are used as electron acceptors by some bacteria under anoxic conditions (Matos et al. ) .
The steady-state transport of ionic pollutants in the IEMB can be described by a mechanistic model (Equation (1)) (Velizarov et al. , ) , which assumes that the possible limiting steps to the transport of a target counter-ion, C i (nitrate or perchlorate in this case), from the water (1) to the biological compartment (2) are either the counter-ion diffusion across the membrane or its diffusion through the two liquid boundary layers at the membrane surfaces contacting these compartments. These steps are presented as 'resistances-in-series' in the denominator of Equation (1), where L is the membrane thickness, P m,i is the membrane permeability to the target counter-ion, Q is the volumetric ion exchange capacity, C a,1 and C a,2 are the driving counter-ion (chloride) concentrations in the water and biocompartment respectively, D w,i is the diffusion coefficient of the target counter-ion in water and δ 1 and δ 2 represent the thickness of the boundary layers at the membrane surface in the water and biocompartment, respectively.
The mechanistic model is based on the assumption that the transport process is controlled solely by mass transfer, thus presuming that the rates of the biological reactions are not limiting. However, under experimental conditions that affect the biological kinetics (e.g. nutrient limitation, significant pH and temperature changes) these model assumptions may be not satisfied. Therefore different modelling strategies and/or approaches have to be followed in such situations. The present study aimed at identifying the most important biocompartment variables affecting the transport under such conditions.
Previous studies with the IEMB have been focused mainly on identifying the transport mechanism (Velizarov et al. ) and on investigating the impact of hydrodynamic conditions on the process performance (Matos et al. ) .
During those experiments the biomedium composition in terms of nutrients was maintained in excess in order to guarantee a complete bioreduction of nitrate and perchlorate, thus making unnecessary the inclusion of reactionassociated terms in the mechanistic transport model. A more general IEMB process optimization, however, requires knowledge of the effect of the conditions in both compartments on the process performance, since they are interrelated. Therefore, the biocompartment-associated variables which affect the transport rate of micropollutants across the membrane need to be identified.
The screening approach adopted in the present study was based on a multivariate data analysis (Rencher ) using Principal Component Analysis (PCA). This analysis is often used to examine interrelationships between a large number of variables and to explain these variables in terms of their common underlying dimensions (Hair et al. ; Wold & Sjöström ) . In PCA, the input matrix (X) is described as a linear relation between the scores (T) and the loadings (P t ) that minimizes the residuals (E) (McGregor et al. ). When computing the input matrix, the best linear combination of variables is determined in order to capture the maximum variance in the data. Therefore, the first Principal Component (PC1) can be seen as the best summary of linear relationships present in the data. The second Principal Component (PC2) is identified as orthogonal to the first one, meaning that it describes the remaining variance.
The interpretation of the contribution of each variable in the PCA is quantified by the loadings matrix. The loadings represent the degree of correlation between the variable and the PC. Therefore similar values represent variables Figure 1 | A schematic diagram of the experimental set-up and counter-ion transport mechanism in the ion-exchange membrane bioreactor. The values of highlighted parameters were varied according to the statistical design described in Table 1. with a high correspondence, and higher values of loadings point to a more representative variable (Jackson ) .
In the present study, different experimental conditions were studied in order to differentiate the most important variables in the transport of nitrate and perchlorate through the membrane. Considering the complex interactions between the variables, this objective can only be achieved with the use of a multivariable analysis, like PCA. The experiments were planned according to a statistical design in order to cover a wide range of conditions, under which the mechanistic transport model was not able to predict correctly the fluxes of the target pollutants (nitrate and perchlorate). Therefore, different biological conditions were tested concerning the biomedium composition (phosphate, sulphate, and ammonium concentrations), the driving counter-ion (chloride) concentration, the hydraulic retention time (HRT) and the recirculation flow rate (represented by the Re number) in the biocompartment.
MATERIALS AND METHODS

Experimental set-up
The experimental set-up used in the IEMB studies consists of a flat parallel-plate module with a Neosepta ACS anion exchange membrane (Tokuyama Soda, Japan) separating two identical rectangular channels ( Figure 1 ). One of these channels was connected by a recirculating loop to a stirred vessel, operated under anoxic conditions, with continuous addition of fresh biomedium. In both compartments, the recirculation loops allow the hydrodynamic conditions inside the channels to be separated from the corresponding hydraulic retention times. During the experiments, the water compartment recirculation was set to a volumetric flow rate of 1,620 ml/min in order to guarantee a Reynolds number of 3,000 and the polluted water was fed continuously at a flow rate of 0.18 ml/ min. In the other channel of the module, the recirculation flow rate and the biomedium composition were changed during the experiments according to a Plackett-Burman design of experiments (Weuster-Botz ; Cela et al. ) (Table 1) . Ethanol was used as the carbon source and electron donor and was maintained in the biofeed at a concentration of 560 ppm for all experiments. The remaining biofeed composition was changed according to Table 1 . The HRT and the Reynolds number in the biocompartment were also varied ( Table 1 ). The polluted water was prepared with tap water supplemented with nitrate and perchlorate at different concentrations in order to determine the microbial culture response to different pollutant loads. The experiments were conducted until steady-state was reached and the transport across the membrane was quantified by the overall transport flux of the target ion (J i ) according to the equation:
where F is the polluted water flow rate (0.18 ml/min), A is the membrane area (34.5 cm 2 ), C i,1 in is the pollutant concentration in the inlet water and C i,1 out is the pollutant concentration in the treated water at the outlet of the water compartment.
Analytical methods
The concentrations of anionic pollutants (NO 3 À and ClO 4 À ) and other medium anions (PO 4 3À , SO 4 2À , Cl À and HCO 3 À )
were analysed using a Dionex ion exchange chromatography system consisting of an ED 50 electrochemical detector, Ionpac Guard and Analytic column (4 mm) and an Anion Suppressor-ULTRA (4 mm). The concentrations of NO 3 À , PO 4 3À , SO 4 2À , Cl À and HCO 3 À were measured using an Ionpac AG11 Guard and an AS11 column at 30 W C using 26 mM NaOH as the mobile phase at 1 ml/min. Perchlorate was determined with an AG16 Guard and an AS16 column using 50 mM NaOH as the mobile phase at 1 ml/min. The ethanol in the biocompartment was measured by HPLC using an Aminex HPX-87H column (Biorad) and a refractive index. Ammonium was quantified with a gas-sensitive electrode Orion 95-12 (Thermo).
Calculation methods
In order to have a comparable distribution, the data obtained were normalized by dividing them by their standard deviations. This type of standardization leads to PCA based on the correlation matrix (Jollifer ). The major advantage when using this type of matrix to define PCs is that the variables are more directly comparable than when using covariance matrices (Jollifer ) . The PCA analysis was implemented in (The Mathworks, Inc. ) according to the Parafac function (Andersson & Bro ) . The selection of the number of latent variables was done considering the amount of variance captured, known as the percentage of variance criterion (Hair et al. ) . When the proportion of variance captured was not increasing by more than 1%, the addition of new component stopped.
RESULTS AND DISCUSSION
Mechanistic model
The objective of this study was to evaluate the impact of the selected combinations of process variables (Table 1) on the transport of nitrate and perchlorate through the membrane. The magnitude of this impact was evaluated through calculating the respective fluxes across the membrane. The experimental conditions designed covered a wide range of conditions, some of which were intentionally designed to be not ideal for biological activity. For example, in experiments 1 and 4, the perchlorate reduction was incomplete due to nitrogen source limitation. However, since the data were obtained according to a statistical design of experiments, it is imprudent to analyse each experiment individually.
The data obtained were firstly used to check the response of the mechanistic model. As expected, the model was inaccurate for certain experiments since some of its assumptions were not fulfilled (Figure 2) . For instance, the ratio of chloride (used as the major driving counter-ion) to the target counterion (nitrate) has to be over 10 (Velizarov et al. ) . In experiments 3, 4, 6 and 7, this assumption was not accomplished, but only in experiments 4 and 6 the mechanistic model failed to predict the fluxes observed. These results spotlight the combined effect of the biocompartment-related parameters on the transport, which may lead to either its enhancement or retardation under given process conditions. For example, some anions (e.g. phosphate, sulphate) which are added to the biocompartment with the biofeed can potentially cross the membrane, thus serving either as driving counter-ions, for transport of nitrate and perchlorate or could be co-extracted with these pollutants from the water. The mechanistic model deviation in experiment 8 also cannot be directly attributed to a unique condition. The bioreduction was total and the chloride concentration in the biocompartment was sufficiently high.
Principal Component Analysis (PCA)
In PCA, a new system of axes is generated that describes the data more truthfully in order to capture the maximum Table 1. variance. PCA was applied to the data obtained in the experiments, considering both the transient and steady-state values. Since the aim was to identify the variables of the IEMB process that are correlated with the flux of a target counter-ion across the membrane, all investigated conditions were taken into account. Figure 3 illustrates the loadings of the PC1 and PC2 for the nitrate and perchlorate fluxes. In PCA, the loadings can be understood as the weights for each original variable when calculating the principal component. Therefore, they quantify the difference between the new system of axes created and the original co-ordinate system (Esbensen ) . Thus, the loading plot can be useful to provide a projection view of the correlated variables. The highly correlated variables have a similar value of loading, since the direction of the PC is identical. On the other hand, the uncorrelated variables have an orthogonal relation and are, therefore, appearing in a perpendicular direction to the considered variable in the loading plot. The closer the angle to 90 W , the lower is the correlation between the variables. In Figure 3 , it is possible to identify the variables correlated with nitrate and perchlorate fluxes as those lying in the same direction with the full line. The less correlated ones, like, e.g., SO 4 2À concentration in the feed (SO 4 -F), are represented in the figure by the dashed line. The selection of the number of components was based on evaluating the variation of the captured variance. Therefore, through the multivariate analysis of nitrate and perchlorate fluxes, seven principal components were selected. This result was expected since the analysis was based on an orthogonal design with seven factors (Wold et al. ) . Nevertheless, the representations of the first two PCs account for 84% of the variance in the case of nitrate flux and 83% in the case of perchlorate flux.
From Figure 3 , it is possible to identify the experimental variables that have a clear correlation with nitrate and perchlorate transport. The variables that are represented closely to the points of fluxes across the membrane (J NO3 À or J ClO4 À ) can be identified as having a direct relation with the transport of these two anions. In this figure, it is also possible to identify three clusters of variables, the ones visually closer to the flux that can be considered correlated, the ones in the lower quadrant that are orthogonal to the first cluster and an isolated variable representing the Reynolds number of the recirculation liquid in the biocompartment. As expected, the variables related to the driving force (see the numerator of Equation (1)), like nitrate and perchlorate concentrations in polluted water, have a clear connection to the corresponding fluxes of these anions across the membrane. The concentrations of several biocompartment nutrients (such as ammonium) also have a correlation with these fluxes. Ammonium is used as the nitrogen source, and its limitation may affect the microbial culture activity and, thus, cause a decrease in nitrate and/or perchlorate reduction rates. As already mentioned, in experiments 1 and 4 the ammonia limitation caused an accumulation of perchlorate in the biocompartment. This consequently reduces the driving force for perchlorate transport and a lower perchlorate flux across the membrane was measured.
It is also important to notice the correlation of nitrate and perchlorate transport with the HRT in the biocompartment. A higher HRT results in a higher pollutant removal and, consequently, its lower concentration in the biocompartment; thus, the fluxes increase since the corresponding transport driving forces increase. 
